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Summary. Blood and tissue concentrations of doxorubicin 
(DOX) were assayed after an intraoperative IV test dose of 
either free DOX 10 mg or its DNA complex 10 mg to pa- 
tients with gastrointestinal cancer. After administration of 
the free drug, blood DOX levels decreased in an at least 
biphasic way, while D O X - D N A  gave higher blood con- 
centrations, which decreased slowly with no clear inflex- 
ion point on the concentration-time curve within the first 
hour. Tissue concentrations of DOX did not differ signifi- 
cantly after the two forms of the drug, liver being the tissue 
with the highest levels, followed by lymph node metas- 
tases, tumor tissue, muscle, and normal intestinal mucosa. 
If  skeletal muscle can be used as a substitute for myocar- 
dium, lower cardiotoxicity of D O X - D N A  than of DOX is 
not likely to be due to a difference in tissue uptake and re- 
tention between the two forms of DOX. 

Introduction 

Long-term doxorubicin (DOX) treatment carries the risk 
of serious cardiotoxicity. To circumvent this limitation, 
modified treatment intervals, dosages, and/or  infusion 
rates have been suggested. 

Attempts have also been made to target anthracyclines 
by linking them to carriers that could selectively increase 
the drug uptake in tumor tissue. One carrier studied is dex- 
tran [10] and another is DNA [18]. The anthracyclines have 
a high affinity to DNA, which being a macromolecule en- 
ters the cells by endocytosis. It has been suggested that this 
process is more active in tumor cells than in myocardium 
[18]. In the cells, tysosomal enzymes are thought to digest 
the carrier, leaving free drug. Recent results suggest, how- 
ever, that anthracycline- DNA complexes may dissociate 
to a great extent while still in the blood, thereby acting as 
slow-release preparations [8, 14]. 

Anthracycline - DNA complexes have been used to 
treat a variety of neoplasms (review: [17]). In general, anti- 
tumor activity was retained, while cardiotoxicity seemed 
reduced [6, 12]. However, endomyocardial biopsies from 
DOX - DNA-treated patients had morphological changes 
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similar to those seen after treatment with DOX in the free 
form [4]. 

The present study concerns serum and tissue concen- 
trations of DOX after intraoperative systemic administra- 
tion of free or DNA-bound drug to patients with gastroin- 
testinal cancers. Blood, tumor, skeletal muscle (as a substi- 
tute for myocardium [11]) and, when possible, other ap- 
propriate tissues were sampled. 

Materials and methods 

Patients and sampling. Patients with gastrointestinal cancer 
received an intraoperative IV 10-mg-test dose of DOX in 
the free form (10 cases) or bound to DNA (9 cases). DOX 
(Adriamycin, Farmitalia Carlo Erba) was dissolved in 5 ml 
physiological saline and infused over 2 -5  min or mixed 
with 50 ml freshly autoclaved herring sperm DNA (type 
VII, Sigma Chemicals, 2.34 mg/ml). The mixture was in- 
cubated at room temperature for at least 20 min prior to 
rapid (5-10min)  infusion. The end of the infusion was 
used as a reference time point (0 rain). 

Usually, serial samples of serum and abdominal mus- 
cle were obtained. A non-necrotic piece was taken from 
the resected tumor specimen and the time when it was 
completely devascularized was considered as the sampling 
time. As a rule, normal adjacent mucosa was also sampled. 
Normal liver and metastases in different locations were 
occasionally biopsied. The samples were stored at - 2 0  ° C. 

Drug assay. Serum concentrations of DOX and its reduced 
metabolite doxorubicinol were determined by HPLC [14]. 
Once the tissue specimens had been thawed and rinsed 
2 ml 0.1 M phosphate buffer, pH 8.1, and 100 ~tl 10 p,M 
daunorubicin were added to 0.5-1 g tissue. The tissue sam- 
ples were homogenized with two 5-s pulses using a Kine- 
matica polytron at setting 5, followed by sonication for 
30 s. The drug analysis was then performed as for serum 
samples. 

Results 

Sera 

The serum concentrations of DOX after its administration 
as the free drug or the DNA complex are shown in Fig. 1. 
DOX - DNA gave higher drug levels than the free drug. 
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Ei 8. 1. T ime course fo r  the serum concent ra t ion  o f  D O X  af ter  an 
IV injection of DOX in the free form (open symbols) or complexed 
to DNA (filled symbols). Circles indicate patients with normal liver 
function tests and squares, patients with at least one abnormal liv- 
er function test 

The initial  steep decl ine in concentra t ion after free D O X  
seemed to reach an inf lexion po in t  at about  20 min after 
adminis t ra t ion ,  while a second phase was not  evident  after 
D O X  - DNA.  Two patients  receiving free DOX,  and three 
given DOX - D N A  had gross liver metastases and abnor-  
mal  liver function test results. As seen in Fig. 1, their  drug 
concentra t ion  curves d id  not  differ  str ikingly from those of  
the other patients.  Doxorub ic ino l  in serum was detected 
nei ther  after DOX nor  after D O X  - DNA.  

Tumors. Free D O X  gave tumor  concentra t ions  ranging 
from 0.13 to 1.5 n m o l / g  in six pat ients  6 0 - 1 0 0 m i n  after 
drug adminis t ra t ion.  There was no obvious t rend  when 
levels were p lot ted  against  t ime, except that  serial biopsies  
o f  a carc inoid  tumor  at 80, 90, and  100 min had  D O X  
levels of  1.5, 1.3, and  0.21 nmo l /g ,  respectively.  One pa-  
t ient  with liver metastases had  a drug concentra t ion  in the 
middle  range, 0 . 30nmol /g ,  in the p r imary  tumor  at 
100 min. The mean tumor  drug level after free D O X  was 
0.60 nmol /g .  

DOX - D N A  yie lded  tumor  drug concentra t ions  in the 
range of  0 .36-1.2 n m o l / g  at 1 0 - 1 2 0 m i n  after injection. 

This procedure  also led to no evident  t ime trend. The 
mean tumor  drug concentra t ion after DOX - D N A  was 
0.75 nmol /g ,  not  significantly different  from that  after free 
DOX ( P >  0.05). 

Metastases. By 15-60 min after the inject ion o f  free DOX 
to one patient ,  three serial biopsies o f  omenta l  tumor  de- 
posits  conta ined between 0.46 and 0.55 nmol  D O X / g ,  
slightly more than the cor responding  muscle samples. A 
liver metastasis in another  pat ient  had  a drug level of  
0.39 n m o l / g  at 25 min after free DOX. At  this time, muscle 
conta ined  0.075 nmol  D O X / g .  In neither  case was the pri-  
mary  tumor  sampled.  

Lymph node  metastases happened  to be b iops ied  only 
in cases receiving D O X  - D N A .  In one pat ient ,  the DOX 
concentra t ions  in lymph node  metastases were 
1.85 n m o l / g  at 15rain and 2 . 4 0 n m o l / g  at 45 rain, as 
against  muscle levels of  0.32 and 0.75 n m o l / g  at the same 
times. No  sample  of  the pr imary  tumor  was available.  An-  
other  pat ient  had drug concentra t ions  of  0.93 n m o l / g  at 
25 rain in the node  metastasis,  0.58 n m o l / g  at the same 
t ime in the p r imary  colonic  tumors  and 0.27 n m o l / g  
10 rain later in str iated muscle. A third pat ient  had D O X  
concentra t ion of  0.62 n m o l / g  in the node  deposi ts  at 30 
and 40 min after DOX - D N A ,  1.20 n m o l / g  in the p r imary  
cecal tumor  at 40 rain, and  0.61 n m o l / g  in skeletal muscle 
at 30 min. 

Normal liver. After  free DOX,  three pat ients  had  liver con- 
centrat ions o f  3.7, 3.0, and  2.6 nmol  D O X / g  at 30, 80 and 
110 rain, respectively. After  D O X  - D N A ,  one pat ient  had 
a level of  3.3 n m o l / g  at 20 and 50 min and another  had 
3.9 n m o l / g  at 60 min. 

Skeletal muscle and smooth muscle. A b d o m i n a l  str iated 
muscle conta ined  between 0.043 and 0.41 nmol  D O X / g  
within the first 2 h after adminis t ra t ion  o f  the free drug 
(Fig. 2a). Ind iv idua l ly  typical  levels were often reached 
within 10-20  min. However ,  both  increasing and decrea- 
sing concentra t ions  were found in serial biopsies  from dif- 
ferent  individuals  within the same t ime interval.  In one 
DOX-t rea ted  case, s tr iated muscle had  a drug level of  
0.21 n m o l / g  at 55 min, while smooth muscle (myometr i -  
urn) conta ined 0.07 n m o l / g  at this time. 
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Fig. 2a, b. Time course for the concentration of DOX 
in skeletal muscle tissue after an IV injection of 10 mg 
DOX, in the free form (a) or complexed to DNA (b) 



DOX - D N A  gave muscle concentra t ions  of  DOX be- 
tween 0.11 and 0.85 n m o l / g  within the first 2 h (Fig. 2b). 
In  five of  seven cases the levels increased during the first 
3 0 - 6 0  rain, while in one case the DOX concentrat ions  
steadily decreased in four  samples  15-80 rnin after the in- 
fusion, from 0.85 to 0.49 nmol /g .  

Ratios of  tumor DOX concentration to normal tissue DOX 
concentration. After  DOX adminis t ra t ion  the individual  
ratios of  the drug concentra t ion in the tumor  to that  in ad- 
jacent  normal  mucosa  ranged from 0.5 to 2.0, with a mean 
of  1.1. After  DOX - D N A  the range was 0.3-2.2,  with a 
mean of  1.3 ( P >  0.05). 

Similar  rat ios for tumor  D O X  to muscle D O X  concen- 
t rat ions were calculated.  Actual  or in t rapola ted  values 
from the muscle concentra t ion curves were used. The ra- 
tios did  not  change with t ime (correlat ion coefficient for 
rat io vs t ime after both  free D O X  and DOX - D N A  were 
- 0 . 1 7 ,  P >  0.05). Therefore,  group mean ratios were com- 
pared  with recourse to Student ' s  t-test. The mean ratio af- 
ter free DOX was 3.5 + 1.8, and  that  after D O X - D N A  was 
2 .2_  0.5 ( P >  0.05). 
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We could not  detect  doxorubic inol  in any sample,  even 
though our assay readi ly identif ies this metaboli te .  This 
can be expla ined by  the low test doses used in the present  
study. 

Our  study showed wide in ter individual  var ia t ion in the 
pharmacokinet ics  of  D O X  in serum and tissues. This 
could not  be expla ined by  differences in body  surface area 
or k idney or liver function. Therapy with s tandardized  
D O X  doses therefore seems to lack sophist icat ion,  so that  
further pharmacokine t ic  analyses correlated to therapeut ic  
and  side effects seem to be indicated.  

The results do not  suppor t  the hypothesis  that  tumor  
DOX uptake and retent ion can be selectively enhanced by 
adminis ter ing the drug as a D N A  complex.  As an al terna- 
tive theory,  the p ro longed  high serum drug concentra t ions  
after DOX - D N A  may be related to a lower immedia te  
D O X  uptake by  tissues. This may  possibly explain  the 
c la imed reduct ion of  DOX cardiotoxici ty  by its b inding  to 
DNA.  
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Discussion 

We compared  serum and tissue concentrat ions  of  DOX af- 
ter its IV adminis t ra t ion  in free form or bound  to DNA.  
Serum DOX concentra t ions  after adminis t ra t ion of  the 
free drug seemed to follow known dis t r ibut ion and elimi- 
nat ion phases,  with a short  and  a longer tlk [3, 5, 7]. The 
low dose of  DOX we used may  still al low compar isons  
with other studies, since the initial  tl/2 for D O X  seemed un- 
related to the drug dose [15]. Our  observat ion t ime was too 
short  for the detect ion of  a possible third phase [5, 7]. 

DOX - D N A  gave higher serum drug concentrat ions  
than the free drug. This is compat ib le  with the findings of  
others workers,  even though in their  studies p ro longed  in- 
fusions of  anthracycl ine  - D N A  were given [1, 2, 8]. 

Two patients receiving free DOX and two given DOX 
- D N A  with liver metastases did  not  differ from the 
nonmetas ta t ic  cases in their  serum drug levels after DOX. 
The relevant l i terature is sparse and somewhat  conflicting. 
Some correlat ion was found between the extent of  liver in- 
volvement  and slower p lasma  decay of  DOX in one study 
[9], while another  study was repor ted  to show normal  
DOX clearance in the presence of  a liver tumor  [5]. 

The DOX concentrat ions  differed considerably  be- 
tween various tissues. Liver had high levels after both  free 
and complexed  DOX,  as previously repor ted  for free drug 
[5, 9]. Tumors  had higher D O X  levels than muscle after 
both  free DOX ( tumor /musc le  ratio 3.5) and DOX - D N A  
(ratio 2.2). The difference was not  statistically significant 
and  seemed mostly related to a difference in muscle drug 
levels. Tumor  tissue had complete ly  over lapping drug con- 
centrat ion ranges after the two forms of  the drug, as did  
normal  liver. Metastases in patients receiving DOX - 
D N A  were by chance represented only by lymph node de- 
posits and no such was sampled  after free DOX. They of- 
ten had higher drug levels than the non lympha t ic  metas- 
tases sampled  after free DOX. Normal  lymphat ic  tissue 
had  a higher drug concentra t ion than tumors  after free 
DOX [5, 9], p resumably  due to its high D N A  content  [16]. 
The high DOX levels in lymph node metastases may there- 
fore be caused by persisting lymphat ic  tissue. 
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